Chemotherapy is the only choice for most of the advanced hepatocellular carcinoma (HCC) patients, while few agents were available, making it an urgent need to develop new chemotherapy strategies. A phase II clinical trial suggested that the efficacy of irinotecan in HCC was limited due to dose-dependent toxicities. Here, we found that gefitinib exhibited synergistic activity in combination with SN-38, an active metabolite of irinotecan, in HCC cell lines. And the enhanced apoptosis induced by gefitinib plus SN-38 was a result from caspase pathway activation. Mechanistically, gefitinib dramatically promoted the ubiquitin-proteasome-dependent degradation of Rad51 protein, suppressed the DNA repair, gave rise to more DNA damages, and ultimately resulted in the synergism of these two agents. In addition, the increased antitumor efficacy of gefitinib combined with irinotecan was further validated in a HepG2 xenograft mice model. Taken together, our data demonstrated for the first time that the combination of irinotecan and gefitinib showed potential benefit in HCC, which suggests that Rad51 is a promising target and provides a rationale for clinical trials investigating the efficacy of the combination of topoisomerase I inhibitors and gefitinib in HCC.
Introduction
Hepatocellular carcinoma (HCC) is a leading cause of cancer induced death [1] with high incidence and mortality worldwide [2] . Currently, the overall median survival for patients with advanced HCC was 6 months [3] due to limited treatment choice. The treatment options available for patients with HCC were surgery, early-stage radiofrequency ablation and chemotherapy [4] . Surgical treatment is curative for patients with early stage-HCC but not for advanced HCC patients [5] . Efficacy of radiofrequency ablation in advanced HCC was pretty low [6] . Thus chemotherapy is the only choice in most of the HCC patients.
For now, sorafenib is the standard systemic drug for advanced HCC [7] . Unfortunately, limited survival benefits due to drug resistance and intolerance restricted the use of sorafenib.
Irinotecan has been used as first-line chemotherapy in patients with different solid tumors [8] [9] [10] [11] . SN-38, the active metabolite of irinotecan has much more potent antitumor activity than irinotecan. Irinotecan or SN-38 treatment would lead to stabilization of cleavable topoisomerase I-DNA complex then result in DNA damages and give rise to G2/M cell-cycle arrest so that DNA damages could be repaired predominantly by Rad51 mediated homologous recombination(HR) repair pathway [12] [13] [14] . If the DNA damages were too severe to be repaired, apoptosis cascades would be activated thus irinotecan exhibited its antitumor activity. Unfortunately, phase II studies of irinotecan in HCC suggested that its activity is limited due to its dose-dependent toxicity [15, 16] . Therefore, it is a potential beneficial strategy to develop combination therapies to decrease its toxicity.
DNA repair systems have been proved to be as molecular targets of cancer therapy. Recent studies showed that inhibition of HR pathway could be a candidate for sensitization of chemotherapeutic drugs. And deletion of Rad51 gene would sensitize tumor cells to chemotherapeutic agents. Especially, gefitinib(GEFI) induced suppression of Rad51 was proved to be a novel strategy in cancer therapy [17] . Gefitinib is an orally active drug that inhibits EGFR-tyrosine kinase [18, 19] . Clinical study showed that gefitinib could prevent unresectable HCC development [20] . Interestingly, several studies showed that gefitinib enhanced the antitumor activity of cytotoxic drugs like irinotecan in gastric cancer via inhibiting EGF signals and IL-8 production [21, 22] .
In our study, we confirmed the hypothesis that the combination of irinotecan with gefitinib might have the synergistic effects to HCC and demonstrated that synergistic effects was a result from accumulation of DNA damages caused by the defects of homologous recombination repair. The combination use of irinotecan and gefitinib might be a clinically effective strategy targeted to HCC.
Materials and Methods

Cell culture
The hepatocellular carcinoma cell lines, HepG2, Bel-7402 and SMMC-7721 were purchased from Cell Bank of China Science. Cells were cultured in DMEM /RPMI-1640 containing 10% fetal bovine serum and 0.1% antibiotics in a humidified atmosphere with 5% CO 2 at 37°C.
Reagents
Irinotecan and SN-38 were kindly provided by Dr. Wei Lu (East China Normal University). Gefitinib was purchased from the first Affiliated Hospital, Zhejiang University School of Medicine. Primary antibodies directed against β-actin, GAPDH, CHK1, CHK2, p53, ubiquitin and Rad51 and HRP-labelled secondary antibodies were purchased from Santa Cruz Biotechnology; Antibodies directed against cleaved PARP, cleaved caspase-3, p-CHK1, and p-CHK2 were obtained from Cell Signaling Technology. DMSO, propidium iodide (PI), sulforhodamine B (SRB), DAPI (4`, 6-diamidino-2-phenylindole), Tris-Base and Trichloroacetic acid were purchased from Sigma-Aldrich. drug synergism based on Chou-Talalay methodC [24] [25] [26] . A CI <0.90 indicates synergistic effects, a CI of 0.90 to 1.10 indicates an additive effect and a CI >1.10 indicates antagonistic effects. CI values at different ratio concentrations of gefitinib and SN-38 were calculated based on the proliferation assay results.
Clonogenic assay
1,000 HepG2, Bel-7402 or SMMC-7721 cells were plated in a 6-well plate and treated with gefitinib and/or SN-38. Replace the medium with new medium containing 10% FBS every 2 to 3 days and add the drugs. After 10 days treatment, the cells were stained with a 0.1% crystal violet solution and photographed. Crystal violet was dissolved in 10% acetic acid and the absorbance values were determined at 595 nm. The clonogenic ability was calculated as follows: colony formation (% control) = [(A595 treated cells -A595 blank )/ (A595 control -A595 blank )] × 100%.
Detection of apoptosis by Flow cytometry
Cells were treated with gefitinib and/or SN-38 for 36h and then harvested. Apoptosis rate was measured by an Annexin V-FITC/PI apoptosis Detection Kit. PI staining was also employed to assess apoptosis by analysis of the sub-G1 phase. Cells were harvested after treatment and fixed with 70% ethanol at -20°C. Cell were resuspended in 500 μl PBS containing 50 μg RNAase at 37°C for 30 min and then 5 μg PI was added to above mentioned solution in dark. Samples were then analyzed on a FACSCalibur cytometer (Becton Dickinson)
Western blot analysis
Cells were harvested after drug treatment and resuspended in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 25 mM NaF, 25 mM β-Sodium Glycerophosphate, 0.3% NP-40, 0.3% Triton X-100, 0.25% Leupeptin, 0.1% PMSF, 0.1% NaVO 3 ). Small pieces of tumor tissues were sonicated in lysis buffer on ice. Cell or tissue lysates were centrifuged at 13,200 rpm for 30 min at 4°C. Proteins were fractionated on Tris-glycine gels, and then transferred to nitrocellulose membrane and incubated with primary antibodies followed by HRPlabelled secondary antibodies. Protein level was then detected using ECL-plus kit and visualized on autoradiography film.
Plasmids construction and transfection
The full-length Rad51 coding sequence was amplified from the HepG2 cDNA library using a pair of primers (Forward: CTTGGTACCGAGCTCGGATCCATGGCAATGCAGATGCAGCTTGAA; Reverse: TGCTGGATATCTGCAGAATTCTCAGTCTTTGGCATCTCCCACTC) containing the EcoR I or BamH I restriction site and, subsequently, subcloned into the PCNA3.1 plasmid (Origene, Rockville, MD) to construct the tag-free plasmid. Cells were seeded on 60mm dishes and Rad51 plasmids were transfected 24 h later using Lipofectamine 2000 (Invitrogen, 11668-019), according to the manufacturer's instructions.
siRNA transfection
Human p53 siRNA and negative control siRNA(NC) were obtained from GenePharma Co. Ltd. Cells were seeded on 60mm dishes and siRNA were transfected 24 h later using Oligofectamine 2000 (Invitrogen, 12252-011), according to the manufacturer's instructions.
Immunofluorescence
Cells plated on glass culture slides were exposed to gefitinib and / or SN-38 for 36 h. Cells were then fixed with 4% paraformaldehyde for 20 minutes and permeabilized with PBS containing 0.1% Triton X-100. After blocking with 4% bovine serum albumin for 30 minutes, cells were incubated with primary γ-H2AX antibodies (1:200 dilution) overnight. Cells were washed with PBS and then incubated with Alexa Fluor 488-conjugated and rhodamine secondary antibodies (Invitrogen) for 1h, respectively. Then cells were stained with DAPI. Fluorescence was observed using an Olympus Fluorview 1000 confocal microscope. , the mice were randomly divided into control and treatment group. Mice in treatment group were treated with irinotecan (1 mg/kg) every 2 days and/ or gefitinib (100 mg/kg) once daily for 30 days. Irinotecan were dissolved in physiologic saline and gefitinib were dissolved in 0.5% CMC-Na. Tumor volume (V) was calculated as follows: V = (length × width 2 ) / 2. All procedures were in accordance with the ethical standards of, and the protocols were approved by, the Animal Ethical and Welfare Committee (AEWC), Center for Drug Safety Evaluation and Research, Zhejiang University.
Measurement of antitumor activity in vivo
Statistical analyses
The results are expressed as the mean ± SD of three independent experiments. Statistical significance were analyzed using Student t test and difference were considered statistically significant when P value < 0.05. Ã , P<0.05; ÃÃ , P<0.01; ÃÃÃ , P<0.001.
Results
Gefitinib synergizes with SN-38 to inhibit proliferation of HCC cells in vitro
We first used SRB assay to investigate the enhanced effects of the combination of gefitinib and SN-38 on the proliferation of HCC cell lines. Survival curves of gefitinib, SN-38 and combination therapy are shown in Fig Furthermore, a clonogenic assay was performed to assess the long time efficacy of combination treatment on the proliferation and reproductive potential after treatment of HCC cells. We found that treatment with both gefitinib and SN-38 inhibited the colony formation of Bel-7402, HepG2 and SMMC-7721 nearly 100%, even at low concentrations (Fig 1D) . Then, we extracted the colonies with 10% acetic acid and measured the absorbance values at 595nm to calculate the quantitative changes of clonogenicity. The combination treatment of gefitinib and SN-38 markedly inhibited colony formation, compared with gefitinib or SN-38 alone. Thus, the synergistic cytotoxicity of gefitinib and SN-38 was quite significant. Cytotoxicity of the combination of gefitinib and SN-38. A, Cell proliferation inhibition was examined by the SRB assays. HCC cell lines, including Bel-7402, HepG2 and SMMC-7721 cells were plated in 96-well plates and then exposed to different concentrations of SN-38 and/or gefitinib for 72h. Survival fraction was calculated and shown. B, Cell proliferation inhibition was observed by microscopy. Bel-7402, HepG2 and SMMC-7721 cells were plated in 6-well plates and exposed to indicated dose of gefitinib and/or SN-38 for 72h. Cells were photographed by microscopy. C, CI values at different ratio concentrations of gefitinib and SN-38 were calculated by the proliferation inhibition rates. D, 1,000 Bel-7402, HepG2 and SMMC-7721 cells were plated in a 6-well plate and treated with gefitinib and/or SN-38 for 10days. Then the clonogenic ability was measured and shown. The bars represent the clonogenic ability of different groups. Each study was performed three times and the error bars represent the SD around the mean. Gefitinib enhances SN-38-triggered caspase-dependent apoptosis in HCC cells
Subsequently to further explore mechanisms of enhanced antitumor activity caused by the combination of gefitinib and SN-38, we examined their effects on apoptosis and caspase signaling pathways. The Annexin V-PI staining assay and PI (sub-G 1 ) staining assay were employed to detect level of apoptosis (Fig 2A and 2D ). After treatment with gefitinib and/or SN-38 for 36h, we found that cells treated with the two agents together experienced 41% and 32% apoptosis in HepG2 and Bel-7402 cells respectively. As shown in Fig 2A, apoptosis rates in Fig 2. Gefitinib enhances SN-38-triggered apoptosis in HCC cells. A, Bel-7402 and HepG2 cells were exposed to gefitinib and/or SN-38 for 36h. Then, cells were harvested and stained with Annexin V and PI, and apoptosis rates were analysed by flow cytometry and shown. B, HepG2 cells were stained with DAPI after drug treatment as above and nuclear changes were observed on fluorescence microscopy. C, Augmention of apoptosis was proved by western blot analysis of protein extracts of treated cells with specific antibodies against cleaved-PARP, and cleaved-caspase-3. D, HepG2 cells were pretreated with 20μM Z-VAD-FMK (the pan-caspase inhibitor) for 1h and treated with 0.04μM SN-38 and/or 12.5μM gefitinib for 24 h. The cells were then fixed with 70% ethanol at -20°C and stained with PI and analysed on flow cytometry. The experiments were performed three times independently, and the error bars represent the SD around the mean. doi:10.1371/journal.pone.0146968.g002 cotreatment groups were higher than either gefitinib or SN-38 induced alone. DAPI staining was used to visualize the apoptosis. We observed extensive nuclear condensation and cellular fragmentation in cells treated with gefitinib plus SN-38( Fig 2B) .
Furthermore, we examined the effect of gefitinib, SN-38, and their combination on the activation of caspase cascades. Cleaved caspase-3 and cleaved PARP were markers for apoptotic cells [27, 28] . We found that SN-38 had modest effect on PARP, and caspase-3 and gefitinib significantly increased the cleavage of PARP and caspase-3 caused by SN-38 in HepG2 and Bel-7402 cells (Fig 2C) . The apoptosis induced by the combination treatment were partially reversed in the presence of the pan-caspase inhibitor Z-VAD-FMK detected by the PI (sub-G1) staining assay (Fig 2D) , indicating that the observed cell apoptosis was caspase dependent.
Taken together, our results demonstrated that combination treatment of gefitinib and SN-38 triggered apparent apoptosis via caspase cascades leading to increased cell death.
The combination therapy resulted in apparent DNA damages
Previous studies have showed that SN-38 exhibited its antitumor activity by triggering DNA damages. It was hypothesized that increasing DNA damages may be the reason for synergistic activity. Phosphorylation of histone H2AX on serine 139 was one of the earliest cellular responses after the formation of DNA damages. This phosphorylated form of H2AX (referred to as γ-H2AX) was used as a marker for the presence of DNA damages [29] . Here, immunofluorescent assay of γ-H2AX was employed to assess the formation of DNA damages up to this combination. After 6-hour treatment, the drug combination apparently induced γ-H2AX nuclear foci formation, while SN-38 or Gefitinib alone induced little nuclear foci formation( Fig  3A) . Increasing phosphorylation of H2AX was also observed using Western blot (Fig 3B) . p53 activation was cellular responses to DNA damages, of which protein level is another marker for DNA damages [30] . We found that after 6-hour treatment, the combination of gefitinib and SN-38 apparently induced upregulation of p53 protein (Fig 3B) . Totally we proved that the combination therapy of gefitinib and SN-38 resulted in apparent DNA damages. Furthermore, we used siRNA transfection technology to silence p53 and proved that knockdown of p53 in HepG2 cells decrease the combinational effects (Fig 3C) . Furthermore, similar results were observed in Hep3B, one of the p53-null HCC cell line, which suggested that the combinational effect was p53 dependent (S1 Fig). Accumulation of DNA damages caused by the combination therapy was due to defects of homologous recombination Homologous recombination (HR) plays a key role in camptothecin-induced DNA damages. Therefore, we speculated that such accumulation of DNA damages was due to defects of HR. Jen-Chung Ko reported that gefitinib could decrease Rad51 stability by promoting 26s proteasome-dependent degradation in human non-small cell lung cancer cells [17, 31] . Consistent with this result, we found that the combination therapy or gefitinib alone led to downregulation of the DNA repair proteins Rad51 in 6 hours (Fig 3D) . And other factors involved in HR such as CHK-1 and CHK-2 were phosphorylated after exposure of the drug combination and SN-38 alone. Subsequently, we found that Rad51 was further downregulated after 12 or 24h treatment of combination therapy or gefitinib alone (Fig 3E) . Such observation demonstrated that downregulation of Rad51 may be a key reason for the defects of homologous recombination and accumulation of DNA damages. To prove that downregulation of Rad51 is critical for the combinational effects, we applied Rad51 plasmid overexpression assay and demonstrated that overexpression of Rad51 could reverse the combinational effects, as shown in Fig 3F . The ubiquitin-proteasome system was involved in gefitinib-induced suppression of Rad51 expression
Results from western blot indicated that gefitinib downregulated Rad51 in a both dose and time dependent manner in Bel-7402 and HepG2 cells (Fig 4A) . An inhibitor of protein synthesis CHX was applied to prevent synthesis of Rad51 in HepG2 cells as previous described [32] . We found that CHX pre-treatment could not block the reduction of Rad51, as shown in Fig 4B, which indicated that gefitinib decreased Rad51 protein levels primarily via promoting its degradation. The protein degradation pathways include the ubiquitin-proteasome system and autophagy-lysosome system [33] . HepG2 cells were incubated with lysosomal inhibitors chloroquine (CQ) and proteasome inhibitors MG132 before gefitinib treatment. While CQ had no effect on the gefitinib induced suppression of Rad51, MG132 apparently reversed such reduction, indicating that Rad51 might be degraded through the ubiquitin-proteasome system ( Fig  4C and 4D) . These findings suggested that gefitinib-induced reductions of Rad51 protein levels might be mediated by the ubiquitin -proteasome pathway.
Synergistic antitumor efficacy of gefitinib and irinotecan in HepG2 xenografts
To further confirm the synergistic antitumor efficacy of the combination therapy, we tested the in vivo efficacy against HepG2 xenograft model. Irinotecan was administered i.p. every 2 days at 1 mg/kg and gefitinib was administered i.g. at 100mg/kg once daily. During the experiments, no animal death and significant body weight change were observed in all treatment groups( Fig  5A) . Besides, we examined the combinational effect in normal hepatocyte cell lines, HL7702, which was no significant cytotoxicity and the results were shown in S2 Fig. This suggested that the combination therapy was tolerated. As shown in Fig 5B, the combination of irinotecan and gefitinib significantly suppressed the tumor growth and such suppression was greater than that caused by gefitinib or irinotecan treatment alone. Furthermore the volume of tumors showed a similar trend to the weight of tumors (Fig 5C) . Thus, the combination therapy of gefitinib and irinotecan showed more significant tumor growth inhibitory effects compared with either single agents alone, but caused no observed toxicity; this therapy may be a useful strategy for improving the antitumor activity of irinotecan in HCC.
We next aimed to explore the effect of combination therapy on the expression of apoptosisrelated proteins in tumor tissues from xenograft mice. As observed in vitro, Western blot assay showed that caspase cascades were activated in tumor tissue from the nude mice in combination therapy group. Besides, the enhancement of the expression of Rad51 caused by irinotecan was reversed by plusing gefitinib (Fig 5D) . In vivo results were consistent with in vitro data, further confirming the synergistic antitumor efficacy of gefitinib and irinotecan was a result of gefitinib aroused defects of HR pathways.
Together, these findings demonstrate that gefitinib promoted proteasome dependent degradation of Rad51 in HCC cell lines, antagonized HR pathway, lead to accumulation of DNA damages and activation of apoptosis, finally resulted in cell death (Fig 5E) .
Discussion
Irinotecan stabilizes cleavable topoisomerase I-DNA complex then results in DNA damages and apoptosis of cancer cells. Clinical studies demonstrated that it fails to exhibit significant effects in patients with hepatocellular carcinoma due to dose-dependent toxicity. Therefore, clinical studies of irinotecan plus other agents aimed at improving its safety and efficacy were paid much attention. It was reported that irinotecan in combination with tyrosine kinase inhibitors(TKIs) such as telatinib and sorafenib caused apparent anti-tumor activity in patients with solid tumors and such strategies was tolerated [34, 35] which indicated that tyrosine kinase inhibitors may synergize with irinotecan to suppress HCC. Thus, to identify the candidate TKI (s) which could improve the safety and efficacy of irinotecan, we performed an in-vitro screening of a TKI library using a SRB assay. We tested the effects of the TKIs in combination with SN38 on the proliferation of HepG2 cells(representative results were showed in S3 Fig) . The most potential hit identified by the primary screening was the gefitinib.
Gefitinib is a quinazoline-derived agent that inhibits EGFR-tyrosine kinase. We focused subsequent studies exclusively on gefitinib. CI values suggested that gefitinib plus SN-38 had apparent synergism in HCC cells. Results from colony formation assay further confirmed the enhancement of antitumor activity of SN-38. In addition, we investigated the synergistic effect Combination Therapy of Gefitinib and Irinotecan against Hepatocellular Carcinoma of gefitinib plus irinotecan using a HepG2 xenograft nude mice model. Body weight monitoring suggested that combination administration of gefitinib and irinotecan had minimal toxicity.
Subsequently, activation of caspase-dependent apoptosis in combination group was observed with Annexin V-PI staining assay and Western blot analyses. In our research we found that reduction of tumor volume and weight and massive tumor cell death were correlated with accumulation of DNA damages detected by the classic DNA damage marker γ-H2AX and p53. Western blots and immunofluorescence assay proved that combination use of SN-38 and gefitinib gave rise to large amount of DNA damages while SN-38 or gefitinib either agents alone induced a little DNA damage. Besides, we proved that knockdown of p53 decrease the combinational effects, which suggested that p53-dependent DNA damage triggered apoptosis is a key factor for inhibition of tumor growth.
Our data above indicated that large amount of DNA damages was caused in combination group. Based on this, we hypothesized that gefitinib block the HR repair pathway to enhance the DNA damage caused by SN-38. We found that CHK1 and CHK2 were phosphorylated after 6 hours exposure to SN-38 plus gefitinib. However, Rad51 protein was decreased in the gefitinib or cotreatment group, and Rad51 plasmid overexpression could reverse the combinational effects, which suggested that gefitinib decreased Rad51 levels to inhibit the HR repair pathway and block of the HR repair pathway was a key reason for the accumulation of DNA damages in HCC cells.
Irinotecan or SN-38 lead to stabilization of covalent topoisomerase I-DNA complexes then cause DNA damages to exhibit their antitumor activity. Such damages get repaired by Rad51--mediated HR repair pathway in mammalian cells. Rad51 is a key DNA repair protein in homologous recombination pathway [14, 36, 37] . After DNA damage, Rad51 concentrates and forms nuclear foci in sites of DNA damage. Jingsong Zhang, et al. reported that E2F1 upregulated Rad51 protein upon DNA damage [38] and Kokichi Sugano demonstrated that Rad51 was recruited upon double-strand DNA breaks induced by SN-38 [39] and our results were consistent with these discoveries, indicating that Rad51 might be a therapeutic target. Research showed that deletion of Rad51 gene would sensitize blastocytes of mouse embryos or tumor cells to genotoxic agents [17, 40] . In contrast, overexpression of Rad51 caused more recombination repair and resistance to ionizing radiation or chemotherapeutic agents [41] [42] [43] [44] . These reports warrants further (pre)clinical research by concomitant treatment with Rad51 inhibitor and genotoxic agents.
In our study we demonstrated that gefitinib promoted degradation of Rad51 in HCC cell lines. We found that pretreatment with the proteasome inhibitor, MG-132 could reverse gefitinib-induced degradation of Rad51 while autophagy inhibitor CQ could not, which indicated that gefitinib promoted degradation of Rad51 mainly via ubiquitin-proteasome system. Apparently, mechanistic insight into possible mechanisms of this degradation of Rad51 remains to be illuminated for limited studies about Rad51 stability were reported. However, our primary data suggested that gefitinib induced suppression of Rad51 is a promising and clinical feasible strategy to improve the efficacy of DNA-damaging drugs like irinotecan. Meanwhile, our data indicated that ubiquitin-ligating (E3) enzymes for Rad51 may be a potential target for cancer treatment.
In summary, the combination use of topoisomerase I inhibitors and gefitinib exhibited synergistic antitumor activity in vitro and in vivo as proved by decreased tumor cell survival fraction, increased inhibition of tumor cell proliferation, significant activation of apoptosis cascades and increased tumor growth inhibitory rate. Besides, the synergistic activity was related with suppression of Rad51 protein. The combination might be a promising therapeutic strategy for the treatment of HCC which needs to be tested in clinical trials. 
